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SUMMARY O F  WORK ACCOMPLISHED DURING THE REPORT PERIOD 
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Considerable effort h a s  been expended to ascer ta in  the esponse of k 
the ces ium optical pumping sys  tern to audio-modulated microwave signals. 
Variations of signal have been observed f o r  a number of pa rame te r s ,  
including audio-modulating frequency, power levels,  and resonance bulb 
response  t ime for  a wel l  stablized microwave frequency; some data a r e  
included for  response when the microwave frequency is swept through the 
resonance value a t  audio rates .  In general ,  the resu l t s  a re  similar to  
those previously reported for  radio frequency resonances.  Saturation 
effects are  c lear ly  indicated in these experiments,  showing much slower 
falloff than the predicted u - l  response when the depumping microwave 

power level is high, F 
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EXPERIMENTAL ACTIVITIES 

Expe r ime n tal  Apparatus 

A fair ly  elaborate experimental technique was necessary  to permi t  
the microwave response character is t ics  of the cesium optical pumping 
c ross  modulation to be observed. 
nance linewidth which is ordinarily a few hundred kycles in well- 
shielded systems. F o r  amplitude-modulated signals, two special  pieces 
of equipment were  purchased so  that power a t  this narrow resonance f r e -  
quency would be continuously, rather than sporadically, available for  
reliable response measurement.  
was obtained for  frequency control with stability specifications 1/  10 8 
short  t e r m  ( 1  s e c  average)  and 1 /  10 6 /week long te rm.  
will not allow the desired amplitude modulation to be performed a t  the 
klystron, and it was therefore  necessary to a r r ange  f o r  some kind of 
chopping system which could serve  a s  an amplitude modulator. 
instrument was the E and M Laboratories XlOZVA fe r r i t e  var iable  attenuator 
which contains a coil whose current  a t  the modulating frequency determines 
the level  of attenuation. 
possible with this modulator for  most of the low audio range, but high 
cu r ren t  requirements  limited i ts  use fo r  this s e t  of data to 1500 cps. 

The main problem is the narrow re so -  

A Dymec 2650A Oscillator Synchronizer 

Such an instrument  

Such an 

Up to loope rcen t  power modulation was found 

The experimental  arrangement is shown in simplified fo rm in 
Figure 1. 
with minor  changes. 
pumping lamp, ra ther  than the argon ones previously used. Variations in 
pumping intensity were  accomplished by placing a second l inear  polar izer  
in f ront  of the circular ly  polarizing combination, effectively producing 
crossed  polar izers ;  the cos2 law of Malus was  used to calculate intensity 
passing the complex. 
s eve ra l  dynode voltage levels were  used throughout the work, all the data 
shown on any one curve represent  relative values a t  one photomultiplier 
gain setting. 
Applied Research  Lock-In Amplifier JB-4, and grea t  ca re  was taken to 
t ranslate  a l l  signal data to equivalent volts input to the amplifier for the 
var ious sensitivity ranges. 
silicon diode bridge rect i f ier  with heavy filtering, and the input 110-volt 
a c  voltage to the rect i f ier  was controlled by a Sorenson electronic regulator. 
The magnetic field intensities used were  about ten t imes higher than that 

The optical pumping apparatus is the same a s  previously used 
Most of the work has  been done with a xenon-filled 

The photomultiplier was our usual 7102, and although 

The a c  signal of modulation was fi l tered by a Princeton 

The magnetic field cur ren t  w a s  provided by a 
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used previously because of the klystron frequency control feature.  The 
Dymec instrument is c rys ta l  controlled, and in the desired range of f r e -  
quency f o r  the c rys ta l  available to u s ,  we were  able to stabilize only to 
9166.473 o r  9226. 473 Mc/'sec, with corresponding magnetic fields of 
10. 677 and 13. 813 gauss. These two combinations of frequency and field 
were fine f o r  checking the difference between right and left c i rcu lar ly  
polarized light in pumping. When switching f rom one combination to the 
other, we found that it was  necessary either to change field direction or 
to rotate the retardation plate at  the polar izer .  

The microwave circuit  was also fair ly  elaborate in o rde r  to ensure  
constant conditions. 
attenuation of the signal is variable with modulation frequency. 
percent and 50-percent modulations were  attempted over the range, but 
it was necessary  to  devise some means of determining the actual percentage 
modulation and index f o r  holding the value constant. 
Polarad  Electronics  Spectrum Analyzer SA-84 served  ve ry  well  fo r  a visual 
oscilloscope display, but the required coil cur ren t  was determined f rom 
the a c  voltage developed in a crystal  in the microwave line. This voltage 
was amplified 40 db by a Hewlett-Packard 450A amplifier and read with a 
Ballantine electronic voltmeter.  
with frequency for  a given modulation. The coil current  in the modulator 
was supplied by a Hewlett-Packard 205AC Audio Signal Generator.  
output f rom the klystron was peaked with a sl ide-screw tuner and could be 
attenuated immediately before the horn antenna with a calibrated Hewlett- 
Pa c ka r d X3 7 5A va r ia  ble attenuator e 

couplers,  and isolators  were  used elsewhere in the microwave circui t  to 
l imit  power where required. 
power level in mill iwatts for this set of experiments in order  to establish 
the minimum power level required for modulation and saturation onset. 
Only relative power as determined by the attenuator was recorded. 
Sorenson electronic regulator which control.led magnetic field voltage w a s  
a l so  used to control klystron power supply voltage. 

The modulator cur ren t  required fo r  100-percent 
Only 100- 

For  this purpose,  a 

The c rys t a l  voltage level w a s  constant 

Power 

Suitable attenuator s , di re  c t ional 

No attempt was made to determine the actual 

The 

The grea t  ca re  taken to provide the above assembly showed up two 
other experimental  difficulties. 
susceptible to air  cur ren ts  in pumping output intensity of the 8943-A line, 
but i t  was found to our su rp r i se  that variations of a factor of 5 to 10 could 
be obtained when the room door was opened. To overcome this annoyance 
a g l a s s  cubical enclosure w a s  constructed to cover the oscil lator coil 
which energized the smal l  spherical pumping light bulb. 

The pumping source was known to  be 

The other difficulty 
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is a fa i r ly  l a rge  60-cy%cle signal which appears  a t  resonance even without 
cur ren t  in the modulating coil. 
to the proper  magnetic field value, but unfortunately i t  cannot be eliminated. 
The signal appears  to be due to voltage variations at the klystron which the 
spectrum analyzer indicates a s  a n  effective modulation of about 40 to 50 
percent. The c rys ta l ,  however, does not recognize this a s  an  amplitude 
modulation, and the variation must  therefore be in frequency. 

I t  se rves  a s  a good re ference  for tuning 

At the magnetic field strengths used, the var ious cesium resonance 
l ines a r e  well resolved. 
level splitting resulting f r o m  application of the magnetic field. 
quency a t  which a resonance w i l l  be seen with microwaves is 

This may be seen in F igure  2 which indicates the 
The fre- 

f R  = 9192.632 - t n (0. 35 H) in Mcjsec ,  

where H is given in  gauss  and n represents  the sum of the mF values of the 
two levels  and is equal to  7 f o r  the (t4) to (t3) transition. F o r  a given fre- 
quency of microwaves,  tuning to the var ious resonances requi res  
7(0. 35 HI) = 5(0. 35 H2) = 3(0. 35H3), o r  the field cu r ren t s  a re  in the ra t io  
7:5:3, the strongest transit ion appearing a t  the lowest value of field current ,  
Prac t ica l ly  all data in this se t  of experiments were  observed for  the s t rongest  
transit ions fo r  both v+ and v- pumping, but one response se t  was  observed 
for  the (-3) to ( -2 )  transit ion for  v- with our l a rges t  volume absorption bulb. 

T- 
68' S, 4 Fz.3 i 
6s' Sy F=4 

9192.632 
Me /see 

U* U' 

Figure  2. Level Structure of Field-Split Cesium Ground 
State Doublet 5 



The above equation is useful to determine the bandwidth of the t ran-  
sitions in t e r m s  of frequency for  observed magnetic field bandwidths. 
the mos t  uniform field used, the half-signal values a t  50 cps show a field 
tuning range of about AH/H = 1/150, providing a AfR of about 170 kc /sec .  
This bandwidth is ve ry  large compared with the cesium linewidth, but 
m o r e  prec ise  work required to  reduce the bandwidth was considered un- 
necessary.  
bandwidth by inserting two rectangular pieces  of s teel  in the field at  the 
top of the la rge  absorption bulb used, and the resulting AH/H increased 
to about 1/  10: with corresponding AfR approximately 2 .  5 Mc/sec .  
the f i r s t  case,  without deliberate field distortion, the unstabilized klystron 
could not hold on resonance, whereas the field distorted case  allowed a 
reasonably steady depumping signal to be observed when stabilization 
control was removed f r o m  the klystron circuit. It is certainly c lear  that 
a well designed nonuniform field can provide tunability over a wide range 
of magnetic field or  frequencies,  if  so  desired.  The above r e m a r k s  a r e  
pertinent f o r  the (-3)  to ( - 2 )  transition a s  well a s  the s t rongest  one, both 
resonances appearing to show similar bandwidths. 

F o r  

On the other hand, a n  attempt was made to increase  the 

In 

The microwave power modulator has  the interesting feature  that, on 
every peak of the coil current ,  attenuation will occur. 
modulation frequency is actually double the coil frequency. 
scope t race  of the a c  photomultiplier signal was not a good sinusoid, 
indicating that the harmonic content should be appreciable. Indeed, for 
one s e t  of conditions, for  both the 70-and 250-cps fundamental signal a t  
the photomultiplier, the second harmonic signals were  about one-quarter 
the fundamentals, and the' third harmonic signals were  about one-quarter 
the second harmonic. Just  how much of this harmonic content is due to the 
method of modulation and how much is due to the cesium detection is diffi- 
cult to ascer ta in .  

Consequently, the 
The oscillo- 

Re s u l  t s 

Figures  3 and 4 show the response of our  large volume absorption 
bulb to  power modulations of 50 percent and 100 percent at  the audio f r e -  
quencies of 50, 100, 200, 500 and 800 cps for  various values of attenuation 
of power at the horn antenna. 
temperature  with about 30-mm H g  p res su re  of neon a s  a buffer gas ,  with 
corresponding pumping time of about 50 milliseconds. At a l l  frequencies,  
these curves show that the signal level falls off l inearly with power beyond 
a cer ta in  range of values at which saturation effects  occur. 

This la rge  bulb contains cesium a t  room 

This saturation 
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is especially marked in the 50-percent modulation cases ,  where half the 
pow'er is used in depumping.without being observable as an  ac  signal. 
The ra t io  of signals a t  50 cps and 800 cps appears  to be fair ly  constant 
over the power levels investigated, except for  the 50-percent modulation 
case  a t  high power. 

This saturation at  high power for the 50-percent modulation is e s -  
pecially apparent in F igures  5 and 6 which show a wider frequency response 
investigation for two absorption bulbs. Several  bulbs were  used, including 

a. a 50-ml bulb, coated with Eicosane with no buffer gas;  

b. an uncoated 50-ml bulb containing 30-mm neon; 

c. a coated 50-ml bulb containing 30-mm neon; 

d. the la rge  bulb mentioned above. 

Data a r e  not available for  the pumping and spin relaxation t imes of the 
smal l  volume bulbs, but s imilar i ty  of data in this experiment makes  it 
appear  that the variation in these time-constants is not as large as  hoped 
for .  
that the fall-off in bulb (a) appears  to be somewhat f a s t e r  than the others,  
In general ,  one would conclude from the data that: 
provide a slower decline in response than low-power cases ;  (2 )  the decline 
at high power for  the large-volume bulb is fas te r  than fo r  the small-volume 
bulb; ( 3 )  except for  low-power levels, the predicted 
realized, approaching m o r e  near ly  w- O. 
small - volume bulb. 

F igu res  5 and 6 a r e  representative of all bulbs, with the exception 

(1)  saturation effects 

fall-off is not 
for  the saturated case  in the 

Figure 7 shows the response of the large-volume bulb to modulation 
by sweeping microwave frequency through the resonance value a t  audio 
ra tes .  This was accomplished, as  described in previous repor t s ,  by 
applying a sawtooth voltage variation to the repel ler  electrode of the klystron. 
The result ing audio signal a t  the photomultiplier was monitored by the tuned 
ampl i f ie r ;  the amplitudes of the fundamental frequencies a r e  compared in 
F igure  7 for  varying power input. 
is m o r e  well  defined than in Figures 3 and 4 for the amplitude modulation 
cases .  
and saturation effects a r e  not seen except a t  the ve ry  highest power levels 
available in this experiment. 

The fall-off in signal, l inearly with power, 

Resonance depumping occurs only momentarily in this sweep method, 

The rat io  of signal levels  a t  50 and 800 cps 
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in the sweep method is similar to the ra t io  of signal levels  a t  these f r e -  
quencies fo r  the amplitude modulation case.  The two methods a r e  actually 
similar in the sense that both types of modulation represent  a chopped 
incident power a t  the cesium, the one chopping method attained by periodic 
removal of microwave power f rom the beam and the other  attained by 
periodically swinging the microwave frequency off resonance. Harmonic 
content of the 50-cps signal for two power levels  was investigated in this 
frequency sweep method, and the fall-off in harmonic signal amplitudes a t  
100, 150, 200 and 400 cps roughly var ies  inversely a s  the number of ha r -  
monic;  the rat ios  a r e  1:O. 55:O. 35:O. 26:O. 11. 
Four i e r  analysis  represents  a sawtooth wave which is the type generally 
seen in an oscilloscope t race  of the photosignal for  frequency sweep reso-  
nances. 

This ra t io  of amplitudes in a 

The effects of distortion of the field f r o m  the so-called uniform case  
a r e  shown in Figure 8 f o r  a ~ O - C P S ,  100-percent modulation microwave 
beam. The maximum signal due t o  modulation of the microwaves w a s  
found by fine tuning of the magnetic field cu r ren t  value, (HR), in all cases  
a t  the maximum power level, and then the value of cu r ren t  was found a t  
which the signal value fell  to one-half maximum, H1/2. Bandwidths a r e  
quoted for  the range of coil current over which the signal reg is te red  
between these l imits .  
four symmetr ical ly  located lengths of nickel w i re  a t  the absorption bulb 
paral le l  to the l ines of force.  
cur ren t  tuning but did shift the value of cur ren t  at which a signal maximum 
occurred and resul ted in about a 10-percent reduction in signal. 
tortion of field for  which the data were taken was accomplished, as p re -  
viously mentioned, by placing the rectangular s tee l  pieces  a t  the top of 
the bulb. 
which showed the half maximum signal, and the recorded values versus  
power level a r e  an average of these readings because of s imilar i ty  in fall- 
off. 

One attempt to dis tor t  the field was  made by placing 

This actually did not widen the range of 

The dis-  

Signal values were  recorded for  both values of field cur ren t  

It has  been pointed out by R. B. Emmons of this laboratory that the 
cesium resonance detector appears  to show a constant gain-bandwidth 
product because of the nature  of the resonance and limitation of the signal 
f o r  any absorption bulb to a definite value determined by a definite number 
of pumped atoms. 

If this is the case,  Figure 8 should show about an o rde r  of magnitude 
decrease  in signal value when the bandwidth i s  increased  by this amount. 
In the range of power below the saturation values,  the rat io  of signals for  
the dis tor ted and undistorted cases  does appear  to be of the co r rec t  value 
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to support the gain-bandwidth conclusion. However, much m o r e  careful  
work would be required to show an exact correlation. The actual  effect 
of field distortion is to reduce the number of pumped atoms which "see" 
the co r rec t  value of magnetic f i e ld  strength and can reac t  to the depump- 
ing signal. It is c lear  that, if one wishes to spread the depumping effect 
over a wider range of frequencies than the uniform field case  presents ,  
the received signal level  mus t  diminish; i t  can be strengthened fo r  a given 
depumping power level only by increasing the number of pumped atoms.  
Data in the other figures indicate that the frequency response over the 

and this fall-off appears  to be f a i r l y  independent of how the signal is ob- 
tained in t e r m s  of pumping o r  microwave power, as mentioned below. 

audio-modulation range generally follows a fall-off which approaches w- 1 , 

The data mentioned above made i t  appear  advisable to check the 

W e  could not increase  the pumping level  
response charac te r i s t ics  a t  various microwave powers fo r  s eve ra l  
values of pumping intensity. 
of our light source,  but we could attenuate the radiation, a s  previously 
mentioned, by means of rotating a linear polar izer  between the pump 
source and c i rcu lar  polar izer .  Data were  taken a t  50, 200 and 800 cps 
for  microwave levels of 0-,  5-, l o - ,  15- and 20-db attenuation. Both 
uniform and distorted field conditions were  investigated; since the 
resu l t s  a r e  s imi la r ,  only the uniform field case  is presented. The data 
for 200 and 800 cps appear  s imilar  to the 50-cps case ,  except for  signal 
level; F igures  9 and 10, therefore,  concern only the 50-cps information. 
Note that in Figure 9 the signal level va r i e s  l inear ly  with pumping in- 
tensity. F igure  10 shows the same datum points plotted against  m i c r o -  
wave power level, and l inearity does not appear  to exist  between signal 
and depumping intensity. 
nicely in this Figure 10, but an expansion of the scale  between 0- and 
30-percent microwave power level does show the l inear i ty  indicated in 
F igures  3 and 4. This se t  of curves in Figure 10 clear ly  shows that, for  
all but a few choices of operation, the microwave power level was too 
high and saturation resulted.  

Leveling off of signal with saturation is shown 

In the 1000-ml volume bulb used in this se t  of experiments,  a com- 
paratively low-modulation level was attained. Measurement  of the dc 
change in photo cur ren t  with applied magnetic field in pumping showed 
about a 30-percent change in transmission with optical pumping. One 
would ordinarily expect a la rge  percentage of this change to appear  in the 
cross-modulation signal. However, only about 10- to 15-percent signal 
level was observed. This low level of signal in depumping is probably 
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due to the magnetic field nonuniformity ( la rge  bandwidth) which l imi t s  the 
number of pumped atoms which a r e  tuned to the klystron frequency. The 
microwave horn radiation pattern may a l so  be a source of inefficiency. 

A plot was made of the 50-, 200-, and 800-cps data taken as  a 

The ra t io  of the 
function of pumping power and microwave depumping power to show fall- 
off with frequency, as  indicated in F igures  5 and 6. 
signal a t  50 cps to that a t  800 cps is v e r y  similar in the seve ra l  ca ses ,  
being about 7.  5 f o r  the highest microwave power and 9 .5  fo r  the lowest 
microwave power used. 
16. ) N o  radical  chmge in signal level was  noted for the decrease  in 
pumping power over the range available. 

(Note that an w - 1  fall-off would make this value 

The Car te r  equation concerning expected cross-modulation signals,  
which was developed in the Monthly Report  No. 9, dated March 9, in- 
volves the three pa rame te r s  of pump power, P; depump power, D; and a 
relaxation ra te  which is the inverse of an  effective relaxation time. In- 
spection of this equation in t e r m s  of signal level and frequency fall-off 
indicates that some correlation of the reported data m a y  be possible. 
If one a s sumes  in this equation that the relaxation t e r m  may  be r e p r e -  
sented by a frequency, wo, and selects values of P and D which a r e  
multiples of this value, the frequency fall-off appears  to be reasonably 
constant over a wide range of P and D. Naturally, the signal level  is 
low f o r  small values of P and D compared with 00 and is high for  high 
values of P and D. 
P and D a r e  la rge  compared with the w o  (small relaxation t ime);  s imi la r ly ,  
the bes t  signal level occurs  for  this condition. If P is la rge  and D is small ,  
good frequency response occurs ,  but the signal level is low. 
and P is small, the response is about the same,  but the signal level should 
be higher. 

The best  frequency response is indicated when both 

If D is la rge  

Our microwave data do not show la rge  changes in frequency response 
for  changes in P and D, but i t  is interesting to note that the same signal 
level was  observed for  -20-db microwave and 100-percent pump as for  0-db 
and 25-percent pump, somewhat in corroboration of the above analysis.  
Low microwave and pump powers showed the wors t  response,  while the 
high combination of powers gave signals about 100 t imes the wors t  values, 
The equal signals quoted f o r  the above two combinations were  a t  a level 
between these two extremes.  

18 
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COMPARISON WITH OTHER DATA 

The frequency fall-off l e s s  than the predicted w - l  led us  to re inspect  
our other data, and par t icular ly  the chopped light optical c r o s s  modulation. 
It will  be recalled that practically all responses  with the optical modulation 
showed the a- charac te r i s t ic ,  The radio-frequency modulation method 
produced somewhat confusing data because of the narrowness  of resonance 
in frequency, saturation effects and our method of using our tuned amplifier,  
However, this radio frequency information seemed to show also the a-1 fall- 
off to the best of our ability to measure a t  the time. 

In the process  of analyzing the microwave data, i t  seemed wise to 
plot the signal-frequency curve both in terms of indicated scale  reading of 
the tuned amplifier and in t e r m s  of equivalent volts input to  obtain the same  
scale reading. 
this was traced to  severe  nonlinearities at the low values of each sensitivity 
range of the amplifier.  The m o r e  co r rec t  procedure,  of course,  is to t rans-  
late to  equivalent volts input, but th i s  has  not been done until the microwave 
data indicated the need. Apparently, the microwave apparatus  stability was 
much bet ter  than previously attained, and changes in output were  not 
recognized. Reevaluation of the optical modulation data shows, on the one 
hand, that the frequency fall-off of response i s  much slower than a - l ,  and, 
on the other,  that severa l  breaks occur in the fall-off curve which a r e  
t raced  to impedance changes in switching between sensitivity ranges on the 
tuned amplifier.  
have been replotted, and the same fall-off appears .  The completeness of 
the microwave experiment suggests that the other two methods should be 
tr ied again to investigate m o r e  thoroughly the slow optical fall-off and the 
saturation effect with both optical and radio-frequency energy. The slower 
fall-off is certainly m o r e  favorable f rom the point of view of application to 
optical communication, and m o r e  quantitative information for comparison 
of the three techniques is suggested. 

A la rge  discrepancy in slope of the curves resul ted,  and 

Several  of these optical cross-modulation se t s  of data 

CONCLUSIONS 

The period of this report  concludes the contract  year ,  and this consti- 
tutes the final monthly report .  
a r e  expected to be included in the required summary  report .  Needless to 
say, our extensive activit ies with optical pumping of cesium vapor indicate 
our recommendation of this technique for  passive MIROS communications. 
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. 
Our initial a i m  was  the investigation of a workable scheme in a passive 
device, and analysis has  shown that s eve ra l  a r e  possible,  each with one 
o r  m o r e  limitations which make long- distance,  wide -band communications 
difficult. 
activit ies could produce improvements in these techniques which m a y  v e r y  
well lead to usable devices,  a s ,  for instance, in the band edge modulation 
and the F to F' color center  conversion in c rys ta l s .  Aside f r o m  the light 
source development which is needed in any case ,  the optical pumping 
technique appears  to  involve l e s s  development t ime because of i ts  simplicity 
of construction, and operation and correspondingly fewer  a r e a s  requiring 
attention. I ts  applicability to c ros s  modulation has  been adequately shown 
with four techniques which involve radiation frequency ranges spanning the 
electromagnetic spec t rum f rom audio (axial field var ia t ion)  to radio f r e -  
quency (Zeeman resonances)  to  microwave (hyperfine-Zeeman resonances)  
to optical effects. It is s incerely believed that one o r  m o r e  of these modu- 
lation p rocesses  m a y  well be suited to the optical communication needs of 
the future.  

There  is no doubt that concentrated engineering development 
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